A templated macrocyclization reaction was used to permanently encapsulate a highly fluorescent hydroxy-substituted squaraine dye inside a tetralactam macrocycle. The free squaraine dye is quite rigid due to internal hydrogen bonding and its photophysical properties hardly change upon encapsulation. A combination of X-ray and NMR data show that the surrounding tetralactam macrocycle adopts an unusually rigid chair conformation and does not undergo rapid pirouetting. Because of its large size and conformational rigidity, the macrocycle creates anisotropic NMR shielding zones that extend over the N,N-dibutylamino groups at each end of the squaraine thread. This shielding anisotropy allows hindered aryl-N rotation to be observed by NMR spectroscopy and provides direct experimental evidence that quinoid-like resonance structures are major contributors to the bis(N,N -dialkylaminophenyl)squaraine resonance hybrid.
Introduction
An emerging topic in supramolecular chemistry is the encapsulation of fluorescent dyes inside container molecules as a method of improving dye performance. [1] We have contributed to this field by inventing squaraine rotaxanes, which are interlocked molecules comprised of a highly fluorescent squaraine dye permanently threaded through a tetralactam macrocycle. [2] The surrounding macrocycle greatly enhances the chemical stability of the squaraine dye and inhibits the formation of nonfluorescent self-aggregates. Because of these improvements, squaraine rotaxanes have promise as a new family of bright and highly stable red and near-infrared fluorescent dyes for various bio-imaging applications. [3] Furthermore, squaraine rotaxanes exhibit the inherent machine-like, dynamic properties of interlocked molecules, and they have long-term potential as functional devices such as shuttles, sensors, ratchets, and switches. [4] In order to improve our molecular designs and enhance functional performance, we are conducting a systematic study of the structural factors that control rotaxane co-conformational dynamics. A necessary prerequisite for these studies is the technical capability to synthesize squaraine rotaxanes with modified structures. To date, most of our work has focussed on bis(N,N-dialkylaminophenyl)squaraines (structure 1 in Fig. 1 ) and we have prepared various squaraine rotaxanes with different tetralactam macrocycles. [5] The key synthetic step is a templated macrocyclization reaction, and a typical example is the production of squaraine rotaxane 4 by simultaneous addition of pyridine-2,6-dicarbonyl dichloride and 1,4-xylylenediamine to a solution of 3 (Scheme 1). The interlocked rotaxane assembly is driven by hydrogen bonding of the squaraine oxygens with the NH residues in the penultimate linear triamide intermediate that undergoes the macrocyclization (Scheme 2). [6] The initial goal of this present study was to determine whether hydroxy-substituted squaraines with the generic structure 2 (Fig. 1) can be converted into squaraine rotaxanes. The OH groups in 2 are known to form internal hydrogen bonds with the adjacent oxygen atoms on the central C 4 O 2 squaraine core, [7] a process that inhibits rotation around the C-C bond labelled as A in Fig. 1 . An unknown at the beginning of this work was how much the internal hydrogen bonding would inhibit the templated macrocyclization reaction. We find that the squaraine dye 5 can be converted into squaraine rotaxane 6 in low yield, but in sufficient amounts to allow structural and photophysical characterization. We report X-ray diffraction and NMR spectroscopy data showing that the structure of squaraine rotaxane 6 is endowed with unusual rigidity. In contrast to the original system 4, the surrounding macrocycle does not undergo rapid conformational exchange and it does not pirouette around the encapsulated squaraine thread. Indeed, the only motion in 6 (Scheme 2) that can be observed by NMR is hindered rotation of the aryl-N single bonds at both the ends of the squaraine thread component (labelled as B in Fig. 1 ). The barrier to this bond rotation is a new experimental quantity that reflects the polyene character of the squaraine chromophore.
Results and Discussion

Synthesis and Solid State Structure
The known squaraine dye 5 was prepared in 80% yield by condensing 3-(N,N-dibutylamino)phenol with squaric acid. [7] In solution, the compound is a mixture of two slowly exchanging conformations with the hydroxyl substituents in cis or trans (5% yield) Scheme 2. Synthesis of squaraine rotaxane 6.
orientations. As described in Scheme 2, a templated macrocyclization reaction gave the squaraine rotaxane 6 in 5% isolated yield. This is substantially lower than the 25-30% yields seen with the original squaraine rotaxanes, such as 4, and the difference is attributed to a weakened template effect due to the internal hydrogen bonding within squaraine 5.
A single crystal of 6 was obtained by diffusing hexane vapour into a solution of 6 in ethyl acetate/chloroform (1:3). Analysis by X-ray diffraction provided the solid-state structure that is shown in Fig. 2 . The molecule exhibits C 2h symmetry with the squaraine's two hydroxyl groups in a trans orientation and the surrounding tetralactam in a macrocyclic chair conformation. The two squaraine oxygens are each engaged in three trifurcate hydrogen bonds, one with the nearby OH (OH· · · O 1.95 Å) and two with the NH residues of the surrounding macrocycle (NH· · ·O 1.92, 2.09 Å). The macrocycle NH residues also form intramolecular hydrogen bonds with the adjacent pyridyl nitrogen atoms. [8] In addition, each pyridyl nitrogen is in close contact with the neighbouring squaraine aryl hydrogen, labelled as b on the chemical structure of 6 (N· · · H b 2.40 Å). The distance between the centres of the two parallel phenylene units in the surrounding macrocycle in 6 is 6.65 Å, which matches the distance in other squaraine rotaxanes having macrocycles with two pyridine-2,6-dicarboxamide bridges (e.g. 4). [5] 
Solution-State Studies
The photophysical properties of compounds 3-6 are listed in Table 1 . The conversion of squaraine 5 into rotaxane 6 produces a comparatively smaller red shift in absorption and emission maxima than the conversion of regular squaraine 3 into rotaxane 4. Since the red shift effect is primarily due to decreased deformation of the encapsulated squaraine chromophore, [9] it appears that the encapsulation of 5 does not greatly change its structural rigidity, which is inherently high due to the intramolecular hydrogen bonding. Previous NMR studies of the original squaraine rotaxanes, such as 4, have shown that the surrounding macrocycle undergoes rapid flipping between chair and boat conformations. [10] In contrast, the solution-state 1 H NMR spectrum of new squaraine rotaxane 6 indicates that its solid-state structure is maintained in solution and that there is a high degree of structural rigidity. This conclusion is based on the following spectral evidence. As shown in Fig. 3a immobility in a Leigh-type rotaxane. [6] The reason for the structural rigidity can be understood by inspecting the X-ray structure in Fig. 2 and the schematic picture in Fig. 4 . Internal hydrogen bonding with the adjacent OH sterically blocks one side of each squaraine oxygen and thus the macrocycle NH residues prefer the vacant lone pair on the other side. Conformational exchanges, such as macrocycle chair-boat or chair-chair flips, and macrocycle pirouetting motions such as 180 • circumrotation, are all disfavoured because they require the NH residues to disengage from the vacant lone pair side of the squaraine oxygen and associate with the other side that is sterically blocked. As shown in Fig. 5 , the only 1 H NMR peaks that exhibit dynamic behaviour are the signals for the two equivalent N,Ndibutylamino groups. At low temperature, the four N-butyl proton signals each split into an inequivalent pair, a phenomena that is only consistent with hindered rotation of the corresponding aryl-N single bond (labelled as B in Fig. 1 ). Usually, it is not possible to detect hindered rotation in N,N -dialkylaniline compounds that lack ortho substituents because there is not enough shielding difference to differentiate the two N-alkyl groups. [11] This is the case with free squaraine dye 5 where the hindered aryl-N rotation is unobservable by NMR. However, the structure of rotaxane 6 is remarkable because the surrounding macrocycle acts as a non-covalent appendage that provides longrange shielding of NMR chemical shifts. As illustrated in Fig. 4 , the macrocycle (shown in red) is fixed rigidly in a chair conformation and creates anisotropic shielding zones that extend over the ends of the encapsulated squaraine thread. Because of this shielding anisotropy, the hindered aryl-N rotation in 6 is an NMR observable phenomenon. Listed in Table 2 coalescence temperatures and limiting chemical shifts for the exchanging N-butyl protons H d and H g . This dynamic NMR data was treated as a classic two-site exchange phenomenon, [12] and the free energy of activation for the aryl-N rotational was calculated to be 54.2 ± 0.4 kJ mol −1 . This value is close to the rotational barriers for extended polymethine dyes. [13] To the best of our knowledge this is the first experimental observation of hindered aryl-N bond rotation in a bis(aminophenyl)squaraine. These fascinating compounds have been studied experimentally and theoretically for 40 years. [14] One structural question that has generated considerable attention is whether the best resonance representations for the bis(aminophenyl)squaraine chromophore are the degenerate quinoid-type structures (I) and (II) in Fig. 6 or the structure (III) with an aromatic cyclobutenium dication core. Our observation here of a large barrier to aryl-N bond rotation is new experimental evidence that structures (I) and (II) are major contributors, a view that agrees with the modern literature. [15] Conclusions A low-yielding templated macrocyclization reaction was used to encapsulate the hydroxy-substituted squaraine dye 5 inside a Leigh-type tetralactam macrocycle and produce squaraine rotaxane 6. A combination of X-ray and NMR studies show that the surrounding macrocycle adopts a rigid chair conformation and does not undergo rapid pirouetting around the encapsulated squaraine. The free squaraine dye 5 is quite rigid due to internal hydrogen bonding and its photophysical properties hardly change upon encapsulation as rotaxane 6. Because of its large size and conformational rigidity, the surrounding macrocycle provides anisotropic NMR shielding zones that extend over the N,N-dibutylamino groups at each end of the squaraine thread. This shielding anisotropy allows hindered aryl-N rotation to be observed for the first time with a bis(aminophenyl)squaraine dye, and provides direct experimental evidence that quinoidlike resonance structures are major contributors to the resonance hybrid. Compound 6 represents the first example of a new class of squaraine rotaxane, and future studies will evaluate its performance as a bio-imaging probe. It also has potential as a new building block for incorporation into bistable squaraine rotaxane shuttles and related molecular machines. [16] From a broader perspective, this work shows how molecular encapsulation can be used as a novel non-covalent NMR shielding strategy to investigate previously inaccessible questions concerning molecular structure.
Experimental
Synthesis of rotaxane 6: Clear solutions of the pyridine-2,6-dicarbonyl dichloride (392 mg, 1.92 mmol) and 1,4-xylylenediamine (261 mg, 1.92 mmol) in anhydrous chloroform (30 mL) were added dropwise over 5 h, using a mechanical syringe pump, to a stirred solution containing squaraine 5 (200 mg, 0.38 mmol), [13] and triethylamine (446 mg, 4.42 mmol) in anhydrous chloroform (150 mL). After stirring overnight, the reaction was filtered through a pad of Celite to remove any polymeric material. The solvent was removed by rotary evaporation, and the crude product purified by column chromatography using a column of silica gel with MeOH/CHCl 3 (1:19 169.7, 163.7, 163.1, 156.2, 149.7, 138.5, 136.4, 133.5, 129.9, 125.1, 108.2, 105.8, 98.2, 51.2, 43.7, 29.5, 20.1, NMR studies were conducted using a 500 MHz spectrometer and the temperature was measured using a calibrated thermocouple. The 1 H NMR coalescence temperatures (T c ) for the exchanging N,N -dibutylamino signals are listed in Table 2 and the corresponding rate constants were calculated from the relationship k = π ν/2 0.5 s −1 , where ν is the frequency difference at limiting slow exchange. G = was calculated according to the Eyring equation. [12] 
Accessory Publication
Variable temperature 1 H NMR spectra of 6 are available on the Journal's website.
